Abstract. Lung cancer is the first leading cause of cancer-related death in the United States. Non-small cell lung cancer (NSCLC) is the most common type of lung cancer and is associated with a poor patient prognosis. Identification of promising molecular targets is required for the effective prevention and therapy of NSCLC. Epithelial-specific ETS-1 (ESE-1) belongs to the superfamily of ETS transcription factors. The effect of ESE-1 on tumorigenesis is controversial in several types of cancer while its role in lung cancer remains unknown. The present study was designed to investigate whether ESE-1 expression affects tumorigenic activity using human NSCLC cells and a mouse xenograft model. ESE-1 expression suppressed anchorage-independent growth in soft agar assay and led to an increase in G1 arrest and apoptosis in human NSCLC cells. ESE-1 expression suppressed the invasion and migration of human NSCLC cells. Western blot analysis, RT-PCR and promoter assay indicated that ESE-1 expression was transcriptionally downregulated by treatment of transforming growth factor (TGF)-β, an EMT (epithelialmesenchymal transition) stimulator. The xenograft study indicated that ESE-1 expression inhibited tumor formation and development. Our data demonstrated that ESE-1 plays a key role as a tumor suppressor in human NSCLC.
Introduction
Lung cancer is the most life threatening cancer in the world as well as in the United States due to high occurrences of metastasis and drug resistance. In 2017, 2,22,500 Americans were estimated to be diagnosed with lung cancer, and 1,55,870 were estimated to die of lung cancer, accounting for 27 and 25% in total estimated deaths in males and females, respectively (1) . Non-small cell lung cancers (NSCLCs) account for 84% of all lung cancer cases, and the 5-year survival rate (15% for male and 21% for female) is extremely poor (2) . Therefore, identification of promising molecular target is required for the effective prevention and therapy of NSCLCs.
Epithelium-specific ETS-1 (ESE-1) protein, also identified as ELF3 (3), ERT (4), ESX (5) and PDEF (6) , belongs to an ETS transcription factor superfamily and is mainly expressed in epithelial-rich tissues including the lung and gut (7) . ESE-1 regulates the expression of target genes that determine cancer phenotype including cell division, differentiation and apoptosis (8) . However, the effects of ESE-1 on cancer are extremely complex. ESE-1 expression is associated with poor prognosis in colorectal cancer patients (9) while ESE-1 downregulation was found to be related to reduced survival in ovarian cancer (10) and ESE-1 inhibits the invasion of oral squamous cell carcinoma (11) . In an in vitro condition, ESE-1 knockdown inhibited cell proliferation in colon cancer cells (9) while ESE-1 was found to facilitate cell growth arrest and apoptosis in the colon cancer cells (12) . ESE-1 expression also led to two conflicting results in prostate cancer cells. For example, ESE-1 expression mediated transforming phenotypes (13) while ESE-1 repressed androgen-receptor action and growth/migration of prostate tumors (14) . These contradictory results strongly support a dichotomous effect of ESE-1 depending on the cellular context.
In lung tissue, ESE-1 plays a key role in the proliferation and differentiation during airway inflammation and injured airway epithelium repair (15) . A high level of ESE-1 expression was detected in the developing fetal and adult lung tissues as well (3) . The aim of this study was to investigate whether ESE-1 modulates lung cancer development using human NSCLC cells and a xenograft mouse model. Here, we report that ESE-1 possesses tumor suppressive activity in lung cancer. Cell culture and establishment of stable cell lines. Human NSCLC cells were grown in DMEM/F12 media supplemented with 10% fetal bovine serum (FBS). H1299 and H1703 stable cell lines overexpressing LacZ and ESE-1 were generated by transient transfection with expression vectors and selected with G418 (800 µg/ml for selection and 400 µg/ml for maintenance).
ESE-1 suppresses the growth, invasion and migration of human NSCLC cells and tumor formation in vivo
Cloning of ESE-1 promoters. Human ESE-1 promoter (Reference: NC_018912.2; +1 ~ +713 bp; +1 ~ +1,500 bp) was amplified with primers as indicated in Table I . PCR products were then inserted into the pGL3-basic vector by using In-Fusion cloning method (Clontech Laboratories, Inc., Mountain View, CA, USA). The pGL3-basic vector was linearized with FastDigest HindIII enzyme (Thermo Fisher Scientific, Inc.) and cleaned up with QIAquick PCR purification kit (Qiagen, Inc., Germantown, MD, USA). Internal deletion and point mutation constructs (both single and double) were cloned using the QuickChange Mutagenesis kit (Thermo Fisher Scientific, Inc.) as previously described (16) .
Transfection and reporter gene assay. ESE-1 promoters were transiently transfected using PolyJet™ DNA transfection reagent (SignaGen Laboratories, Rockville, MD, USA) according to the manufacturer's instructions. The cells were harvested in 1X luciferase lysis buffer. The luciferase activity was measured and normalized to the pRL-null luciferase activity using a Dual-Luciferase assay kit (Promega, Madison, WI, USA) as previously described (16) .
SDS-PAGE and western blot analysis. SDS-PAGE and western
blot analysis were performed as we previously described (16) . The cell lysates were extracted using RIPA buffer and 25 µg of protein was loaded onto SDS-polyacrylamide gel (8-12% depending on molecular size of each protein). After transferring onto a nylon membrane, the extracted proteins were incubated with the primary antibodies (1:1,000 Invasion assay. Cell invasion was analyzed using an invasion assay kit (Corning Inc., Corning, NY, USA) according to the manufacturer's instructions. Briefly, cells were suspended and plated in an upper invasion chamber (24-wells) of a Transwell with Matrigel. The lower chamber was added with 10% FBS medium. After 12 h of incubation, the cells in the chamber were removed with a cotton swab. After staining, images were captured under an inverted microscope (Nikon Eclipse Ti; Nikon Corp., Tokyo, Japan).
Scratch wound assays.
The cells (5x10 4 cells/well) were seeded onto 6-well tissue culture plates and grown overnight. A linear wound was generated using a sterile 20-µl pipette tip. After 22 h, images were captured by an inverted microscope (Nikon Eclipse Ti; Nikon).
Cell cycle distribution and analysis of apoptosis. Cell cycle analysis was performed as we previously described (17) . The cells were collected through typsin-EDTA treatment and stained with propidium iodide (PI). After washing, the cell cycle distribution was analyzed using FACS flow cytometry at the University of Maryland MPRI Flow Cytometry and Cell Sorting Facility. Apoptosis was measured using Cell Death Detection ELISA (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's instructions.
Xenograft study. The animal study was approved by the Animal Care and Use Committee (Ajou University, Suwon, Korea). Fourteen male BALB/c nude mice aged 6 weeks with average weight of 25 g were purchased from Harlan Laboratories, Ltd., (Bicester, UK) and maintained ad libitum at 23˚C temperature and 12-h light/dark cycle. The mice were injected s.c. in the left flank with H1299 stable cell lines overexpressing LacZ and ESE-1 (5x10 6 cells mixed with Matrigel, 1:1). After cell injection, the tumor formation was monitored twice a week and tumor size was measured with a caliper (Mitutoyo, Utsunomiya, Japan) and the volumes were estimated using the formula: a x b 2 x 0.52, where 'a' is the longest and 'b' is the shortest diameter. Thirty five days after injection, the mice were sacrificed by carbon dioxide asphyxiation and the tumors were harvested and subjected to immunohistochemistry and western blot analysis.
Immunohistochemistry.
Immunohistochemistry was performed to analyze the expression of ESE-1, PCNA and cleaved caspase-3. Paraffin tissue sections (4 µm thick) were briefly deparaffinized with xylene and rehydrated through alcohol, and washed in distilled water. After H 2 O 2 -induced inactivation for endogenous peroxidase activity and antigen retrieval in pepsin (Dako, Carpinteria, CA, USA) at 37˚C for 30 min, the tissue sections were incubated with primary antibodies for ESE-1 (1:100), PCNA (1:4,000) and cleaved caspase-3 (1:2,000) overnight at 4˚C. After washing, signals were detected with 3,3-diaminobenzidine tetrahydrochloride (DAB) and the sections were counterstained with hematoxylin.
Statistical analysis. Statistical analysis was performed by Student's t-test. Data represent mean ± SD from three replicates.
Results

Basal expression of ESE-1 in human NSCLC cells.
First, we determined the basal expression of ESE-1 in four different human NSCLC cell lines (A549, H358, H1299 and H1703). As shown in Fig. 1A , A549 and H358 were ESE-1 abundant whereas H1299 and H1703 expressed low levels of ESE-1. We generated H1299 and H1703 stable cell lines overexpressing LacZ (control) and ESE-1 by transfecting V5-tag-LacZ (control) and the V5-tag-ESE-1 expression vector into these cell lines and subsequent selection with G418. Overexpression of LacZ and ESE-1 were validated through V5 expression as well as endogenous ESE-1 expression (Fig. 1B.) ESE-1 suppresses anchorage-independent growth of human NSCLC cells. Next, we performed soft agar assay to ascertain whether ESE-1 overexpression affects the anchorage-independent growth of H1299 and H1703 stable cell lines. As shown in Fig. 1C , the number of colonies was 3-fold higher in the LacZ-expressing H1299 cells compared to the number of colonies noted in the ESE-1-expressing H1299 cells. Similar result was obtained from ESE-1-overexpressing H1703 cells. The result indicates that ESE-1 possesses anti-growth activity in human NSCLC cells.
'To investigate whether retarded growth by ESE-1 overexpression is associated with cell growth arrest and apoptosis, cell cycle distribution and the fraction of apoptotic cells were compared between LacZ-and ESE-1-expressing H1299 stable cells. Cell cycle analysis data showed that ESE-1 overexpression resulted in a significant increased percentage of cells in the G1 phase (LacZ, 27.7±0.5 vs. ESE-1, 33.3±1.3%) and a decrease in the S phase (LacZ, 57.2±1.7 vs. ESE-1, 48.6±2.0%), and no significant change in the G2 phase (LacZ, 15.0±1.2 vs. ESE-1, 18.1±2.4%) (Fig. 1D) . In addition, the number of apoptotic cells was increased by 1.7-fold in the ESE-1-expressing H1299 cells compared to that noted in the control cells (Fig. 1E) . We also measured the expression of several cell cycle-and apoptosis-regulating marker proteins using western blot analysis. As shown in Fig. 1F , ESE-1 expression led to a decrease in CDK4 and CDK6 and an increase in Table I 
Primer name
Sequence
F, forward; R, reverse; D, distal; P, proximal; Δ, internal deletion; m, point mutation.
p27. We also found that ESE-1 overexpression decreased Bcl2 expression.
ESE-1 suppresses invasion and migration of human NSCLC cells. Based on our finding that ESE-1 possesses
tumor-suppressive activity, we further explored whether ESE-1 possesses anti-metastatic activity by performing in vitro cell invasion and migration assays. As indicated in Fig. 2A , the wound healing assay indicated that ESE-1-expressing cells had reduced migration capacity than that of the control cells. In addition, the ESE-1-expressing stable cell line showed lower invasive ability when compared to the control cells (Fig. 2B) . These results imply that ESE-1 overexpression inhibits the metastatic activity of human NSCLC cells in vitro. Western blot analysis showed that expression of MMP-9 was decreased in the ESE-1-expressing cells compared to that noted in the control cells (Fig. 2C ). An angiogenic protein (VEGF) and a tight junction protein (ZO-1) were also downregulated by ESE-1 overexpression (Fig. 2C) .
ESE-1 is a target of TGF-β in human NSCLC cells.
To further study the possible anti-metastatic mechanism mediated by ESE-1, we aimed to ascertain whether epithelial-mesenchymal transition (EMT) influences the expression of ESE-1. Since TGF-β is a major trigger of EMT, we treated ESE-1 abundant A549 and H358 cells with TGF-β in a low serum (0.5%) condition. Treatment of TGF-β to A549 cells led to morphological changes characteristic of EMT (Fig. 3A) which was accompanied by increased phosphorylation of Smad2 and Smad3 (Fig. 3B, top panel) . TGF-β also decreased the expression of E-cadherin and increased the expression of N-cadherin and Snail in the A549 and H358 cells (Fig. 3B, bottom panels) . Notably, TGF-β treatment decreased expression of ESE-1 in these two cell lines (Fig. 3B, bottom panels) . Treatment of TGF-β to A549 cells also showed time-dependent downregulation of ESE-1 protein (Fig. 3C ) and ESE-1 mRNA (Fig. 3D) . The time-point that ESE-1 began to decrease was earlier (4 h) than the time point that EMT marker proteins (E-cadherin and N-cadherin) were changed. These data propose a potential link between ESE-1 downregulation and EMT. Finally, we produced two ESE-1 promoter clones spanning to -1,500/+1 and -713/+1 and measured the transcriptional activity (Fig. 3E) . The results indicate that treatment of TGF-β suppressed luciferase activity by 43.3 and 45.8% in the -1,500/+1 and -173/+1 clones, respectively. These data indicate that ESE-1 is an inverse downstream target protein of TGF-β during EMT.
ESE-1 suppresses formation and development of tumors in vivo.
Finally, we verified the anti-cancer activity of ESE-1 using a xenograft model. The LacZ-or ESE-1-expressing H1299 stable cell lines were subcutaneously injected into the flank of nude mice. Fig. 4A shows representative images of the mice of each group. The mice implanted with ESE-1-expressing cells had smaller tumors than those noted in the control mice ( Fig. 4A and B) . Consistent with these images, the volume and weight of the tumors were significantly decreased in the ESE-1-expressing group compared with the control group ( Fig. 4C and D) . On day 35, we isolated the tumor tissues and performed immunohistochemistry with antibodies against ESE-1, PCNA and cleaved caspase 3. Expression of ESE-1 in the tumor tissues was associated with a decrease in PCNA (proliferating marker) and an increase in cleaved caspase 3 (Fig. 4E) . Western blot analysis indicated that the expression of cleaved caspase-3 was increased in ESE-1-expressing tumor tissues (Fig. 4F) . Taken together, ESE-1 exhibits anticancer activity in vivo, similar to what was observed in vitro.
Discussion
Due to the fact that ESE-1 is constitutively expressed in terminally differentiated epithelial cells (7, 18) and that 80% of cancer is epithelial origin carcinoma, the significance of this protein was broadly proposed during progression in malignant neoplasms of epithelial origin. However, the effects of ESE-1 on tumorigenesis are controversial depending on the type of cancer (9-11). Therefore, further extensive studies concerning the association of ESE-1 with cancer progression are required using diverse cancer models. Lung cancer is the most life-threatening cancer due to the difficulty of early detection and poor prognosis. In particular, NSCLC is associated with a poor survival rate due to the acquired resistance of patients to therapeutic drugs. Targeted therapy is a new therapeutic paradigm to cure cancer by targeting specific and promising molecular targets. Recently, Wang et al reported that Elf3 (ESE-1) facilitates the growth The cells were subjected to Transwell invasion assay. After 12 h incubation, the cells were stained, and images were captured using a microscope. (C) The cell lysates were subjected to western blot analysis for MMP-9, VEGF, ZO-1 and actin (left). Data represent mean ± SD from three independent experiments (right). * P<0.05 vs. the control. NSCLC, non-small cell lung cancer; ESE-1, epithelial-specific ETS-1.
and metastasis of lung cancer cells (19) . We also explored the possibility of using ESE-1 as a molecular target for lung cancer in the present study.
In the initial step of our studies, we observed endogenous expression of ESE-1 in four different human NSCLC cell lines. As a result, A549 and H358 were identified as ESE-1 abundant cells, whereas H1299 and H1703 were ESE-1 null cells. We did not ascertain why H1299 and H1703 NSCLC cells show very low expression of ESE-1 at the basal level. We speculate that the different basal expression might be a result of genetic/epigenetic difference in the process of ESE-1 gene transcription. This is supported by differential expression of ESE-1 in different human colorectal cancer cells as we previously reported (20) . However, we do not exclude the possibility that there could be differential autocrine regulation of ESE-1 by TGF-β among these cell lines as lung tumor cells secrete TGF-β which may repress ESE-1 expression.
We selected the H1299 cell line for further studies due to its potent tumorigenic and metastatic property (21) . Using soft agar assay, we identified ESE-1 as a tumor suppressor in human NSCLC cells. As a part of a mechanistic link, we observed increased G1 arrest and apoptosis in ESE-1-expressing cells which were consistent with the upregulation or downregulation of cell cycle-and apoptosis-regulating proteins (Fig. 1F) .
Regarding a role of ESE-1 in metastasis, Yeung et al recently reported that ESE-1 is a negative regulator of EMT and metastasis in ovarian cancer (10) . Upregulation of ESE-1 inhibited ovarian tumor progression with increased expression of epithelial markers and decreased expression of mesenchymal markers (10) . This is consistent with our observation, supporting the anti-metastatic activity of ESE-1 with suppression of cell invasion and migration and downregulation of MMP-9, VEGF and ZO-1 (Fig. 2) .
Epithelial-mesenchymal transition (EMT) is a dynamic process that allows epithelial cells to lose polarity and transit into mesenchymal characteristics. Activation of EMT transcription factors leads to downregulation of E-cadherin (epithelial marker), upregulation of N-cadherin and vimentin (mesenchymal markers), loss of cell adhesion and promotion of cell mobility and invasion (22) . TGF-β facilitates EMT through the Smad-dependent pathway known as the canonical pathway (23) . Besides typical Smad activation, TGF-β also induces ERK, JNK/p38, PI3K/AKT, and Rho-like GTPases activation, known as the non-canonical or Smad-independent pathway (24) . Several studies support a potential role of ESE-1 in EMT. For example, ESE-1 reciprocally regulates expression of ZEB1/ZEB2, dependent on ERK activity in breast cancer cells (25) and ESE-1 increases expression of TGF-β II receptor in breast cancer cells (26) .
To elucidate the anti-metastatic mechanism, we focused on the involvement of ESE-1 in EMT of lung cancer cells. Our significant finding was that ESE-1 is a negative downstream target of TGF-β signaling. Time-dependent downregulation of ESE-1 was detected in the presence of TGF-β ( Fig. 3C and  D) . To investigate if this downregulation is associated with transcriptional repression, we cloned the ESE-1 promoter spanning -1,500 to +1 and -713 to +1. The results indicated that TGF-β suppresses transcription of the ESE-1 gene. Since Smads are major mediators of TGF-β signaling and we identified two Smad responsive elements (SRE) in the promoter (Fig. 3E) , we hypothesized that Smad may mediate TGF-β-induced downregulation of the ESE-1 gene. However, TGF-β-induced repression of luciferase activities was identical in the two promoters where one contained SRE and the other did not (Fig. 3E) . In addition, luciferase assays using internal deletion and point mutated clones lacking distal and proximal SRE (Table I) showed no difference in the TGF-β effect (data not shown). Knockdown of Smad2, Smad3 and Smad4 using siRNA and western blot data also indicated Smad-independent downregulation of ESE-1 by TGF-β (data not shown). Therefore, we tested several non-canonical pathways (ERK, p38 MAPK, JNK, RAS, GSK3, PI3K and NF-ĸB) using selective inhibitors. None of the pathways were responsible for ESE-1 downregulation by TGF-β (data not shown).
Concerning the potential mechanism by which ESE-1 suppresses lung cancer progression, we propose several cancer-related downstream target genes of ESE-1. One of the targets is MMP-9 which was downregulated by ESE-1 through ETS-binding site on the MMP-9 promoter in squamous cell carcinoma (11) . ESE-1 downregulates OCT4, a transcription factor, involved in stem cell pluripotency of NCCIT human embryonic carcinoma cells (27) . Another interesting target gene we propose is wnt/β-catenin as we previously observed that ESE-1 physically interacts with β-catenin (20) and suppresses transcriptional activity of β-catenin/LEF (data not shown). Since β-catenin and APC mutations are uncommon in NSCLC, this mechanism could be promising to elucidate the mechanism of ESE-1 in regard to the suppression of lung cancer progression. Therefore, further research is warranted to elucidate further detailed mechanisms of ESE-1 downregulation by TGF-β and molecular target mediating anticancer activity of ESE-1 in human NSCLC cells.
In conclusion, we identified ESE-1 as a tumor suppressor in human NSCLC. ESE-1 represses anchorage-independent growth and invasion and migration of human NSCLC cells. ESE-1 is a target of TGF-β during EMT. In addition, ESE-1 suppressed the formation and development of tumors in vivo.
